Exciton percolation, which has been demonstrated in synthetic ternary molecular alloys, is applied to photosynthetic light harvesting complexes. The resulting model ("substitutionally random") results in a predicted pigment A/B ratio larger than one, where A represents the lowest energy pigment species and B the higher substitutional ones (i.e. chi a/chl b in plants). An additional criterion is given for the nature of the reaction center (i.e. P700), based on phonon amalgamation with species A (i.e. structural similarity).
Introduction
The concept of exciton percolation has been discussed in a preliminary fashion recently [1 4J . In a randomly substituted binary mixed crystal, where the excitation energy is directly or indirectly injected into the lower energy component, there appears a critical concentration at which this molecular alloy effectively undergoes an exciton insulator-to-exciton conductor transition (with a small change in a parameter which may be concentration, pressure, temperature, etc.). To monitor this behaviour we added a third component (sensor or supertrap) to measure the exciton "conduction". Preliminary experiments have been described [3 51.
Our model systems used for the demonstration of exciton percolation (say naphthalene/perdeuteronnaphthalene: betamethylnaphthalene) bear a striking resemblance to certain natural photosynthetic systems (say chlorophyll a/chlorophyll b: P700). This led us to investigate a substitutionally random model for the light harvesting complex in photosynthetic systems like those in green plants.
The model
Consider a set A of molecules (sites) with excitation energy EA (with a "smear" L~EA<kT, where k is the Boltzmann constant and T the absolute temperature), * Supported by NIH Grant NS08116-08 and NSF Grant GH-32578X. called the energy conducting species. Consider another set B, with excitation energy EB, where
This set is called the energy insulating species (the smear~EB can be large, as long as eq. (1) is obeyed). The third set, S, has excitation energies Es, where
and is called the sensor or supertrap species (the smear~.E 5can again be large, as long as eq. (2) is obeyed). The above three species form one lattice of sites (substitutional sites), randomly distributed, with a given topology of interactions. The interaction topology involves the numbers and arrangements of the physically interacting neighbors (i.e. 4 nearest neighbor in-plane interactions with fourfold symmetry, with an option of two additional interactions in the same plane with twofold symmetry, with an option of two more out-of-plane ones with inversion symmetry, etc.).
In our present model we limit the molar concentration Cs of the S sites to a small number, of the order of 1% or less, such that CS~CA.
The important parameter now is CA, or alternatively the ratio
We now proceed on the assumption that the energy conduction is confined to the quasilattice of set A and depends critically on its connectivity. This connectivity depends critically on the concentration CA, or alternatively, the concentration ratio RA. The quantitative relationships are based on percolation theory. In the limit where the energy conduction in a pure A lattice (with the same topology) is very efficient the energy conduction in our substitutionally random lattice is proportion. alto F~,the probability of an A site being inside the A maxi-cluster (the largest A cluster) [3, 6, 7] . This probability is essentially zero for 0~CA <Ce, where Cĩs the critical percolation concentration (i.e. 0.59 for a square lattice, 0.50 for a triangular one, 0.31 for a simple cubic one, etc.). At Cc the value ofP~climbs fast and approaches 0.99 for CA C+ 0.15. This behaviour is shown in fig. 1 . Thus the condition for energy transfer is RA > I (within a factor of 2). To emphasize this result, we write an equivalent relationship:
Discussion
Our very general condition on energy transfer (eq. (6)) is independent of whether the transfer is a coherent exciton transfer or a hopping exciton transfer (equivalent to r8sonant Dexter-Foster transfer). It will be affected if instead of a perfectly random distribution one has partial aggregation tendencies (A with either A or B), but not significantly, as long as there is no complete segregation. Notice that any "segregation model" (or "funnel model") requires some kind of surrounding of the S species by the A species and some partial surrounding of the latter by the B species, in some ordered or semi-ordered fashion (i.e. an "energy funnel"). Note also that in our model an occasional thermalization of the excitation, out of the supertrap, will easily result in its trapping by a different supertrap, while this kind of "spillover" is not at all likely in the funnel model. However, the main distinction between our quasi-random model and the semi-ordered one is that in the latter there is no restriction on the ratio RA, i.e. (7) O~RB=RA'~ (8) The only time when eqs. (7), (8) are valid in a random system is when the excitoninteractions are extremely long range. An example for this is the long-range superexchange (tunneling) interaction demonstrated by the extremely long-lived triplet states of aromatic crystals (i.e. RA 0.1 for naphthalene [4]). We notice however, that the superexchange process is efficient only for an energetically homogeneous host (i.e.~~-1~'B -~0). On the other hand, when the excitation transfer is extremely inefficient (i.e. for a very short lifetime and/or very low sensor concentration and/or trapping efficiency), one can get into the regime where efficient energy transfer occurs only for
Our computer simulations [7, 8] show that the above principles hold for twodimensional lattices as small as 20 X 20 as well as for three-dimensional lattices with an Avogadro (or infinite) number of sites (with only minor variation with boundary conditions). Obviously, on the other hand, for a one-dimensional-lattice, Cc -1 and thus for one-dimensional energy transfer, (10) i.e. no substitutional B sites are allowed (note that interstitial B species have been excluded from our discussion and should not be counted towards the R ratios!).
An additional point common to our synthetic molecular alloys and to the photosynthetic systems is the requirement that the sensor (supertrap, active center), which is a definite minority component, should be a very efficient exciton trap. This requires it to have an amalgamated phonon band [9 12 ] with the energy conducting species (A), in contrast to localized phonons [13] . The requirements for an amalgamated (delocalized) phonon band in the synthetic alloys [14] boil down to a similarity in chemical shape (giving similar masses, moments of inertia, van der Waals packing sizes and intermolecular force constants). This requirement is fulfilled in the photosynthetic unit provided that the active center (i.e. P700) is essentially the same molecule as the energy conducting species (i.e. chlorophyll a), except for minor changes (being part of a hydrate and/or dimer and/or special aggregate). This "phonon criterion" is independent of percolation or the random model and will be discussed further elsewhere.
